Limberg JK, Johnson BD, Holbein WW, Ranadive SM, Mozer MT, Joyner MJ. Interindividual variability in the dose-specific effect of dopamine on carotid chemoreceptor sensitivity to hypoxia. J Appl Physiol 120: 138 -147, 2016. First published November 19, 2015 doi:10.1152/japplphysiol.00723.2015.-Human studies use varying levels of low-dose (1-4 g·kg Ϫ1 ·min Ϫ1 ) dopamine to examine peripheral chemosensitivity, based on its known ability to blunt carotid body responsiveness to hypoxia. However, the effect of dopamine on the ventilatory responses to hypoxia is highly variable between individuals. Thus we sought to determine 1) the dose response relationship between dopamine and peripheral chemosensitivity as assessed by the ventilatory response to hypoxia in a cohort of healthy adults, and 2) potential confounding cardiovascular responses at variable low doses of dopamine. Young, healthy adults (n ϭ 30, age ϭ 32 Ϯ 1, 24 male/6 female) were given intravenous (iv) saline and a range of iv dopamine doses (1-4 g·kg Ϫ1 ·min Ϫ1 ) prior to and throughout five hypoxic ventilatory response (HVR) tests. Subjects initially received iv saline, and after each HVR the dopamine infusion rate was increased by 1 g·kg Ϫ1 ·min Ϫ1 . Tidal volume, respiratory rate, heart rate, blood pressure, and oxygen saturation were continuously measured. Dopamine significantly reduced HVR at all doses (P Ͻ 0.05). When subjects were divided into high (n ϭ 13) and low (n ϭ 17) baseline chemosensitivity, dopamine infusion (when assessed by dose) reduced HVR in the high group only (P Ͻ 0.01), with no effect of dopamine on HVR in the low group (P Ͼ 0.05). Dopamine infusion also resulted in a reduction in blood pressure (3 g·kg Ϫ1 ·min Ϫ1 ) and total peripheral resistance (1-4 g·kg Ϫ1 ·min Ϫ1
hypoxic ventilatory response; peripheral chemoreceptors; chemoreflex THE CAROTID BODY CHEMORECEPTORS are the primary peripheral sensors of arterial oxygen (23) . Reductions in the partial pressure of oxygen will increase carotid body afferent activity, resulting in reflex increases in ventilation and sympathetic nervous system activity. Recently, there has been renewed interest in the contribution of the carotid bodies to sympathetic activity, blood pressure, and glucose regulation (11, 14, 36) . Because of this, the carotid body chemoreceptors have now emerged as a potential therapeutic target for a variety of sympathoexcitatory conditions, such as hypertension, heart failure, and insulin resistance (11, 14, 36) . Therefore, screening tools that can identify patients that might benefit from carotid body-focused therapies, such as resection or denervation, will be essential (25, 33) . In addition, a better understanding of the integrative physiological effects of carotid body desensitization will be important in assessing the potential wide-spread physiological effects of such interventions (21) .
One way to acutely manipulate carotid body activity in humans is via low doses of intravenous dopamine. On the basis of the work of Welsh and colleagues (49) , many studies in humans have used low-dose dopamine to examine the influence of basal carotid body activity as well as peripheral chemosensitivity, based on its known ability to blunt the ventilatory response to hypoxia (2, 3, 7, 13, 18, 37, 42, (45) (46) (47) 49) . However, the exact dosing has not been consistent between research groups and studies despite a similar goal: use a dose of dopamine to blunt carotid sinus nerve discharge without concomitant cardiovascular changes. Historically, the majority of studies have used doses of 2 g·kg Ϫ1 ·min Ϫ1 (1, 16, 17, 33, 42) or 3 g·kg Ϫ1 ·min Ϫ1 (7, 13, 18, 37, 44 -47) to examine peripheral chemosensitivity in humans. Some groups have found that higher doses (4 g·kg Ϫ1 ·min
Ϫ1
) elicit undesirable changes in blood pressure (42) , which have been attributed to the peripheral vasodilator and cardiac effects of dopamine at higher doses. More specifically, low doses (Ͻ5 g·kg Ϫ1 ·min
) of dopamine are typically thought to target dopaminergic (D 1 and D 2 ) receptors, with D 2 receptors primarily mediating the effect of dopamine on carotid sinus activity (4, 5, 10, 20, 24, 27, 38) . In contrast, higher doses are thought to stimulate ␣-and ␤-adrenergic receptors within the cardiovascular system, which can affect a number of hemodynamic variables (10, 19, 28, 49) . Despite this, some groups have used doses as high as 5 g·kg Ϫ1 ·min Ϫ1 with minimal confounding effects on heart rate and blood pressure (2, 9, 34, 43) . Thus the purpose of this study was to measure carotid body sensitivity to hypoxia during graded doses of dopamine to address the following questions : 1) what is the effect of dopamine dose on the hypoxic ventilatory response (HVR) (a measure of carotid body chemosensitivity); 2) is the effect of dopamine dose on the HVR dependent upon baseline chemosensitivity to hypoxia; and 3) what are the potential confounding cardiovascular responses that occur at varying low doses of intravenous dopamine.
MATERIALS AND METHODS
Approval. Written informed consent was obtained from all subjects, and all experiments and procedures were approved by the Institutional Review Board at the Mayo Clinic and conformed to the Declaration of Helsinki. Data from subjects enrolled in three separate protocols focused primarily on other topics were compiled for the present investigation.
Participants. All participants (n ϭ 30, 24 male/6 female) were healthy (22-45 yr) , nonobese (BMI 17-30 kg/m 2 ), and nonsmokers without chronic diseases and taking no medications known to affect cardiovascular, respiratory, or autonomic function. Women were nonpregnant (confirmed by negative pregnancy test prior to participation). Subjects refrained from alcohol, caffeine, and exercise for 24 h and fasted for 12 h prior to the study visit.
Monitoring. Beat-by-beat heart rate was monitored with a 3-lead electrocardiogram (Cardiocap/5, Datex-Ohmeda, Louisville, CO), blood pressure by finger photoplethysmography (Model 1, Nexfin, BMEYE, Amsterdam, The Netherlands), and arterial oxygen saturation by forehead pulse oximetry (Model LNCS TF-1, Masimo, Irvine, CA) integrated within the Nexfin system (8-s average). Stroke volume, cardiac output, and total peripheral resistance were also measured noninvasively by using the Nexfin system. These hemodynamic variables were collected beat-by-beat at 1,000 Hz with a PowerLab data acquisition system (analog to digital converter, ADinstruments, Colorado Springs, CO). Breath-by-breath ventilation and inspired/ expired gasses were monitored with a free-standing metabolic cart (Ultima CardiO2 gas exchange analysis system, MCG Diagnostics, Saint Paul, MN). A second forehead pulse oximeter (Model LNCS TF-1, Masimo, Irvine, CA) was fed into the metabolic cart (8-s average) and integrated into the Breeze Suite cardiorespiratory diagnostic software. Ventilatory parameters were reported breath-bybreath. Hemodynamic and ventilatory variables were time aligned for analysis.
A forearm intravenous catheter was placed in the nondominant arm for infusion of the study drug (dopamine). An additional forearm intravenous catheter was used to collect venous blood in a subset of subjects (n ϭ 18) to measure circulating catecholamines (epinephrine, norepinephrine, and dopamine). The assays were performed by the Immunochemistry Core Laboratory of the Clinical Trial Research Unit, and the Department of Laboratory Medicine and Pathology, at the Mayo Clinic using standard procedures (48) .
Assessment of peripheral chemosensitivity. The sensitivity of the carotid body chemoreceptors was assessed by brief hypoxic challenges. Subjects breathed through a two-way nonrebreathing valve connected to a switching valve. Baseline measures were averaged from the 60-s period prior to beginning the series of hypoxic challenges. Hypoxia was achieved by randomly administering two to six breaths of 100% nitrogen followed by 2 min of room air breathing. This was repeated four times under each experimental condition. The selection of breaths was subject specific and investigator driven. That is, the initial trial consisted of three to four breaths of 100% nitrogen, and the investigator chose the following number of breaths based on the degree of desaturation achieved, with the goal of achieving oxygen saturation values ranging from 70 -99% (goals: 92, 85, 78, and 70%). For example, if four breaths achieved a saturation of 85%, the next set of breaths may have been six to achieve a lower saturation. If four breaths achieved a saturation of 78%, the next set of breaths may have been two or three to achieve a higher saturation.
The largest three consecutive breaths within 1 min following each hypoxic challenge were averaged, and the nadir oxygen saturation within the same 1-min timeframe following each hypoxic challenge was determined and used to calculate the HVR. If a nadir was not achieved, the hypoxic episode was not included in the calculation of the HVR. A minimum change in saturation (Ͼ1%) depicting a measurable change from baseline was required. All data were inspected in real time for artifacts (i.e., coughing, movement, etc.), and any artifacts were excluded from the HVR calculations. In these instances, the hypoxic challenge was repeated. The HVR (liters/ min/%) was calculated as the slope of the linear regression line obtained from baseline and the four hypoxic challenges (five total data points) (33) : 0.56 Ϯ 0.05. Similarly, the peak heart rate and blood pressure responses were determined following each hypoxic challenge and plotted against the nadir oxygen saturation. The hypoxic heart rate response (beats/ min/%) and the hypoxic pressor response (mmHg/%) were calculated as the slope of the linear regression line obtained from baseline and the four hypoxic challenges during each infusion condition (33) . This approach has been shown previously to have minimal lasting effects on subsequent HVR tests and is repeatable across time (8, 31) .
Protocol. Subjects quietly rested in a semisupine position and completed the five infusion conditions [saline, dopamine 1-4 g·kg Ϫ1 ·min Ϫ1 (Hospira)] over the course of 2.5 h (see Fig. 1 ). Each infusion condition consisted of 15 min of normoxic breathing with steady-state measurements completed during the last 5 min. After completion of steady-state measurements, four hypoxic challenges were completed. After the fourth hypoxic challenge, the next infusion condition commenced. Infusion conditions were completed in the following order:
Ϫ1 ·min Ϫ1 , and 5) 4 g·kg Ϫ1 ·min Ϫ1 . Data analysis. All hemodynamic measurements were collected beat-to-beat with the PowerLab data acquisition system (analog to digital converter, ADinstruments) with a sampling rate of 1,000 Hz. All respiratory variables were collected breath-by-breath during similar time points by a free-standing metabolic cart (Ultima CardiO2 gas exchange analysis system, MCG Diagnostics) and software (BreezeSuite cardiorespiratory diagnostic software). Main outcome variables were compared by a one-way repeated measures analysis of variance with the Student-Newman-Keuls method for pairwise comparisons. In all cases, distributional assumptions were assessed and nonparametric analyses (Friedman repeated measures analysis of variance on ranks) were used for the following variables: HVR, hypoxic heart rate response, hypoxic pressor response, norepinephrine, epinephrine, heart rate, stroke volume, cardiac output, total peripheral resistance, tidal volume, minute ventilation, and end-tidal carbon dioxide. To determine the influence of baseline carotid body chemosensitivity on the effect of different doses of dopamine infusion, we classified subjects into two groups based on their relative location to the mean HVR (0.35 liters·min Ϫ1 ·% Ϫ1 ). Subjects that had a HVR below the mean (0.13 to 0.27 liters·min Ϫ1 ·% Ϫ1 , n ϭ 17) were defined as having low baseline carotid body chemosensitivity, and subjects who had a HVR at or above the mean (0.35 to 0.93 liters·min Ϫ1 ·% Ϫ1 , n ϭ 13) as having high carotid body chemosensitivity. This cutoff was selected for the following reasons: 1) the group mean averages for the high HVR group were similar to those previously published by other groups (33) , 2) the difference between the lowest value in the high group and the highest value in the low group was 0.07 liters·min Ϫ1 ·% Ϫ1 [this value is greater than the standard error of the group mean (0.04 liters·min Ϫ1 ·% Ϫ1 )], and 3) a similar division in the data set would have been selected if we used median as the cutoff value. The dose of dopamine that elicited the greatest reduction in the HVR with less than a 10% change in mean arterial blood pressure at baseline was defined as the dose associated with the nadir HVR. This criterion was chosen to identify the dose of dopamine acting on carotid body dopamine receptors without activation of peripheral adrenergic receptors. Additionally, a change in blood pressure might influence the arterial baroreflex. This is important because of evidence indicating that activation of the arterial baroreflex is associated with a decrease in carotid body chemosensitivity (41) . Data are expressed as means Ϯ SE relative to responses observed during the saline condition (Figs. 2, 3, and 5). A P value Յ 0.05 was considered statistically significant.
RESULTS
Thirty young, healthy adults participated in the current study (Table 1) . Circulating dopamine concentrations increased incrementally with intravenous dopamine infusion (P Ͻ 0.01). No changes in circulating epinephrine or norepinephrine were observed (P Ͼ 0.05) ( Table 2) .
Peripheral chemosensitivity. Intravenous dopamine infusion resulted in a significant reduction in the HVR (P Ͻ 0.01). Compared with the saline infusion condition, the reduction was observed at all doses (1-4 g·kg Ϫ1 ·min Ϫ1 ) of intravenous dopamine infusion (Table 3) . When subjects were divided into those with high baseline chemosensitivity (n ϭ 13) and low baseline chemosensitivity (n ϭ 17, P Ͻ 0.01), intravenous dopamine infusion resulted in a significant reduction in the HVR in only the high group (P Ͻ 0.01). In those subjects, a reduction in the HVR from saline levels was observed during each dose of intravenous dopamine infusion (Table 3 and Figs. 2 and 3). Subjects that exhibited low baseline chemosensitivity showed no main effect of dopamine on the HVR (P ϭ 0.32) ( Table 3 and Figs. 2 and 3 ).
To take into account interindividual variability within groups, we further examined the individualized dose of dopamine that elicited a nadir HVR for each subject (with a Ͻ10% change in blood pressure). Compared with baseline, the average of individual nadirs (independent of dose) resulted in an ϳ50% reduction in the HVR in both groups (low group: 0.22 Ϯ 0.01 to 0.11 Ϯ 0.02 liters·min Ϫ1 ·% Ϫ1 , P Ͻ 0.01; high group: 0.53 Ϯ 0.05 to 0.25 Ϯ 0.05 liters·min Ϫ1 ·% Ϫ1 , P Ͻ 0.01). These results illustrate that the individualized dose of dopamine that elicits the nadir HVR is quite variable (low group: 2.1 Ϯ 0.4 g·kg Ϫ1 ·min Ϫ1 ; high group: 2.6 Ϯ 0.3 g·kg Ϫ1 ·min Ϫ1 ), and there is no uniform dose that causes a maximum reduction in the HVR in all subjects (Fig.  4A) ; however, a consistent reduction (ϳ50%) can be achieved if the selected dose is allowed to vary (Fig. 4B ).
Intravenous dopamine infusion had no effect on the hypoxic heart rate response (P ϭ 0.24). However, when subjects were divided into groups with high or low baseline chemosensitivity, intravenous dopamine infusion resulted in a significant reduction in the heart rate response to hypoxia in only the high group (P ϭ 0.02 vs. P ϭ 0.95). In the high group, a reduction in hypoxic heart rate response from saline levels was observed during each dose (1-4 g·kg Ϫ1 ·min Ϫ1 ) of intravenous dopamine infusion (Table 3) .
Intravenous dopamine infusion resulted in a reduction in the hypoxic blood pressure response (P ϭ 0.05). Compared with the saline infusion condition, the reduction was observed only during the 1 g·kg Ϫ1 ·min Ϫ1 infusion (Table 3) . When subjects were divided into high or low baseline chemosensitivity, this reduction was seen in both groups (P ϭ 0.03 and P ϭ 0.05, respectively). In those subjects with high baseline chemosensitivity, a reduction in the hypoxic blood pressure response from saline levels was observed during 1 g·kg Ϫ1 ·min Ϫ1 (P ϭ Data reported as means Ϯ SE; n ϭ 30 unless otherwise noted: glucose (n ϭ 29), cholesterol (n ϭ 27), triglycerides (n ϭ 27), HDL (n ϭ 27), LDL (n ϭ 27). BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein. Data reported as means Ϯ SE. Norepinephrine (all n ϭ 17; high HVR n ϭ 7; low HVR n ϭ 10), epinephrine (all n ϭ 10; high HVR n ϭ 4; low HVR n ϭ 6), and dopamine (all n ϭ 16; high HVR n ϭ 7; low HVR n ϭ 9). HVR, hypoxic ventilatory response. . Numbers in bold represent statistical significance.
0.04). In those subjects with low baseline chemosensitivity, only a main effect was observed (Table 3) . Steady-state hemodynamics. When examining the effect of intravenous dopamine on cardiovascular variables under normoxic conditions, we found no effect of dopamine on resting, steady-state heart rate (P Ͼ 0.05). However, at higher doses of dopamine, a significant reduction in blood pressure (3 g·kg Ϫ1 ·min Ϫ1 ) was observed (P Ͻ 0.05). These results were primarily driven by subjects with a low baseline chemosensitivity (Table 4) . Subjects with low baseline chemosensitivity also exhibited a significant decrease in total peripheral resistance and increase in cardiac output at each dose of dopamine (1-4 g·kg Ϫ1 ·min Ϫ1 ), and these results were not observed in subjects with a high baseline chemosensitivity (Table 4 and Fig. 5 ). No changes in stroke volume were observed.
Steady-state ventilation. In regard to ventilation under normoxic conditions (Table 5) , intravenous dopamine infusion resulted in 1) reductions in tidal volume, 2) increases in respiratory rate, 3) reductions in minute ventilation, and 4) increases in end-tidal carbon dioxide levels (all P Ͻ 0.01). These effects were observed primarily in those subjects with low baseline chemosensitivity (Table 5) . Compared with the saline infusion condition, the reduction in tidal volume was observed at each dose of intravenous dopamine infusion, and the increase in respiratory rate was primarily observed at the higher (3-4 g·kg Ϫ1 ·min Ϫ1 ) doses (P Ͻ 0.01). The increase in end-tidal carbon dioxide, while slight (ϳ2 mmHg), was observed in all groups across the majority of doses (Table 5) .
DISCUSSION
The major observations from this study are the following: 1) a range of low doses of intravenous dopamine reduce the ventilatory response to hypoxia, with large intersubject variability (Figs. 2 and 3) ; 2) the effect of dopamine on the HVR appears to be driven by subjects with high baseline chemosensitivity (Fig. 2); 3) with an individualized dose of dopamine, the HVR can be attenuated similarly in subjects with both high and low baseline chemosensitivity (Fig. 4) ; and 4) potential confounding cardiovascular responses occur at increasing doses of intravenous dopamine which may limit their usage, especially in adults with low baseline chemosensitivity (Fig. 5) .
Hypoxic ventilatory response.
On the basis of the work of Welsh and colleagues (49) , many studies in humans have exogenously administered low-dose (1-4 g·kg Ϫ1 ·min Ϫ1 ) dopamine to examine peripheral chemosensitivity. This methodology is based on dopamine's well-established ability to blunt the ventilatory response to hypoxia (2, 3, 7, 13, 15, 16, 18, 37, (42) (43) (44) (45) (46) (47) 49) and additional evidence suggesting it can also reduce resting, normoxic ventilation (34, 37, 43, 46, 49) . The depressant effect of exogenous dopamine is thought to be through activation of D 2 -like receptors on Type 1 glomus cells, which block calcium currents, leading to membrane hyperpolarization, reduced neurotransmitter release, and decreased carotid sinus nerve discharge (4, 5, 10, 20, 24, 27, 38) . However, the exact dosing has not been consistent between research groups and studies. In the present investigation, we observed a reduction in the HVR during intravenous dopamine infusions of 1, 2, 3, and 4 g·kg Ϫ1 ·min Ϫ1 in healthy adults (Table 3) . These findings are consistent with other investigators who have used intravenous infusions of dopamine to blunt carotid body chemosensitivity (referenced above). Fig. 2 . Effect of dopamine dose on the hypoxic ventilatory response (HVR), reported relative to responses during saline infusion (saline ϭ 100%). High HVR (n ϭ 13), low HVR (n ϭ 17). Intravenous dopamine infusion resulted in a significant reduction in the HVR at each dopamine dose in subjects with high baseline chemosensitivity (black bars, P Ͻ 0.01). In contrast, those subjects exhibiting low baseline chemosensitivity showed no main effect of dopamine on the HVR (white bars, P ϭ 0.20). Data are presented as means Ϯ SE. DA, dopamine; number ϭ dose in g·kg Ϫ1 ·min Ϫ1 . *P Ͻ 0.05 vs. saline. (Table  5) , thus producing a mild hypercapnic stimulus to both the carotid body chemoreceptors and central chemoreceptors. Recent evidence indicates that activation of the carotid body chemoreceptors via hypoxia is associated with a hyperadditive ventilatory response when the central chemoreceptors are exposed to hypercapnia (6, 40) . Consequently, the mild hypercapnia that was induced by the dopamine infusions during normoxia might have masked an even further attenuation of the ventilatory response to hypoxia. Along these lines, a reduction in basal carotid body activity might have subsequently altered the chemosensitivity to hypoxia. Although our data provide some evidence that basal carotid body activity was attenuated (e.g., lower ventilation and elevated end-tidal carbon dioxide), it is difficult to accurately determine the degree to which tonic carotid body activity is lowered in healthy humans.
Dopamine attenuated minute ventilation and increased endtidal carbon dioxide values during normoxic conditions
Some investigators suggest the magnitude of any dopamineinduced reduction in chemosensitivity is related to baseline chemosensitivity or endogenous dopamine (44), although others disagree (7). To determine if the effect of dopamine on the HVR was dependent upon baseline chemosensitivity to hypoxia, we divided subjects into groups with high baseline chemosensitivity (a HVR greater than the mean) and low baseline chemosensitivity (below the mean). Interestingly, subjects with high baseline chemosensitivity exhibited a reduction in the HVR during intravenous dopamine infusions; meanwhile the HVR was not influenced by dopamine infusion (at any dose) in subjects with low chemosensitivity (Table 3 and Fig.  2 ). To our knowledge, this is the first study to systematically examine the effect of baseline chemosensitivity on responses to several doses of intravenous dopamine. Only one previous study examined the relationship between peripheral chemosensitivity and changes induced by a single dopamine dose (7) . Although Boetger and Ward (7) reported no significant correlation between baseline chemosensitivity and the response to dopamine, data were not presented to directly support this conclusion. Therefore, we analyzed the raw data presented in their manuscript [ Table 1 , (7)] and found a trend for a relationship (R ϭ Ϫ0.76, P ϭ 0.13, n ϭ 5) between the baseline HVRs and the fall in this response with dopamine infusion. That is, subjects with the highest baseline chemosensitivity exhibited the greatest reduction in the ventilatory response to hypoxia during a given dose of dopamine infusion. Although this correlation was not statistically significant, it was likely underpowered because of the small sample size. In this way, the results of Boetger and Ward (7) are in agreement with our findings, and support the relationship between baseline chemosensitivity and the ability of a single low dose of dopamine to attenuate the HVR.
On the basis of our results, there is also no uniform dose of dopamine that is sufficient to elicit the nadir HVR in all subjects and, rather, we found large interindividual variability in the dose of dopamine necessary to elicit a nadir HVR (Fig.  3) . Notably, the distribution of doses was different between subjects with high and low baseline chemosensitivity (Fig. 4) . Furthermore, in 7% (n ϭ 2) of the subjects studied, a nadir was not observed at any dose used (1-4 g·kg Ϫ1 ·min Ϫ1 ). We speculate that in these instances a dose Ͻ1 g·kg Ϫ1 ·min
Ϫ1
may be necessary to elicit a nadir HVR independent of changes in cardiovascular variables (discussed in further detail below). Thus it is likely inappropriate to compare the influence of intravenous dopamine infusion at similar doses between subjects with high carotid body chemosensitivity to those with low carotid body chemosensitivity. Importantly, when the individualized nadir HVR during dopamine infusion was selected, we found that the HVR was attenuated by ϳ50% in both groups (high group: 53 Ϯ 7%; low group: 54 Ϯ 9%; P ϭ 0.93; Fig.  4B ). This is a very critical finding because it indicates that as long as an individualized dose of dopamine is selected, carotid body chemosensitivity can be consistently and significantly reduced, regardless of baseline chemosensitivity. Hypoxic cardiovascular response. Emerging evidence indicates that the carotid body chemoreceptors are important modulators of cardiovascular function in both healthy and diseased populations (29 -33, 36) . Additionally, the potential exists for distinct connections between the peripheral chemoreceptors and central nervous system, with possibly different glomus cells targeting different reflex pathways (e.g., ventilatory vs. sympathetic/hemodynamic control) (35) . Therefore, both the heart rate and blood pressure responses to hypoxia have recently been used as additional indicators of carotid body chemosensitivity (33) . In the healthy adults studied presently, we observed a reduction in the hypoxic heart rate response only in those adults with high baseline chemosensitivity ( Table 3) . In contrast to this finding, our group and others have shown that the heart rate response to hypoxia is preserved after carotid body resection (26, 32) . In these instances, it has been postulated that the aortic bodies may be responsible for the heart rate response to hypoxia. However, higher doses of exogenous dopamine (7-14 g·kg Ϫ1 ·min Ϫ1 ) have been shown to reduce aortic body afferent activity in response to hypoxia in anesthetized cats (39) , suggesting dopamine infusion may attenuate not only the carotid, but also the aortic body response. It is also important to consider tachycardia as a secondary response to chemoreceptor-mediated hyperventilation [Hering-Breuer reflex (22) ]. In considering this possibility, we observed a significant relationship between the fall in the HVR and the fall in the heart rate response to hypoxia during dopamine infusion (all subjects and doses pooled; R ϭ 0.65, P Ͻ 0.01). Considering that a reduction in the HVR was only observed in those adults with high baseline chemosensitivity, it may not be surprising that those adults also exhibited a reduction in the hypoxic heart rate response (Table 3) .
Similar to the heart rate response, the hypoxic pressor responses obtained during dopamine infusion (2-4 g·kg Ϫ1 ·min
) were not statistically distinguishable from the saline condition. These findings are not consistent with those obtained by Niewinski and colleagues (33) who found a reduction in the hypoxic pressor response in healthy subjects during 2 g·kg Ϫ1 ·min Ϫ1 intravenous dopamine infusion. However, the healthy subjects studied by Niewinski and colleagues exhibited higher baseline HVRs than our cohort (Table 3) . In this context, when we examined the hypoxic pressor response in the group of individuals with high chemosensitivity, our results were consistent with Niewinski and colleagues such that the hypoxic pressor response during low-dose (1 g·kg Ϫ1 ·min
) dopamine infusions is attenuated (Table 3) . These data again support the idea that there is no uniform dose of dopamine that is sufficient to elicit a fall in peripheral chemosensitivity (e.g., ventilatory, heart rate, and pressor response to hypoxia) in all individuals, and thus it may be inappropriate to compare physiological responses to the same intravenous dose of dopamine between individuals. This may be especially important when comparing responses in patient populations to that of healthy controls (36) . ) that elicited a nadir HVR (with a Ͻ10% change in blood pressure) was determined for each subject. A: these results illustrate there is no uniform dose that is sufficient to cause a maximum reduction in the HVR in all subjects. Further, subjects with low baseline chemosensitivity (white bars) appear to require a relatively lower dose than those subjects with high baseline chemosensitivity (black bars). B: a consistent reduction (ϳ50%) in the HVR can be achieved with low-dose dopamine if the selected dose is allowed to vary. Data are presented as means Ϯ SE.
Cardiovascular responses during steady-state normoxia.
Important strengths of using low-dose dopamine to examine carotid body chemosensitivity are threefold: 1) dopamine has a short half-life and thus can be used acutely; 2) dopamine can be combined with hypoxia (in contrast to using hyperoxia to blunt carotid body activation) to examine peripheral chemosensitivity to a common carotid body stimuli; and 3) dopamine in low doses has been shown to have minimal independent cardiovascular effects, allowing for the study of the independent contribution of the carotid chemoreceptors to cardiovascular adaptations with disease (e.g., heart failure). However, these strengths require that the dopamine dose used has minimal confounding cardiovascular effects. It is known that dopamine at higher doses can independently activate adrenergic receptors, resulting in increased heart rate and contractility, decreased neurotransmitter uptake, peripheral vasoconstriction via ␣-receptor activation, and vasodilation through ␤-receptor activation (10) . In this way, some studies suggest a dose greater than 2 g·kg Ϫ1 ·min Ϫ1 , given under resting normoxic conditions, will increase heart rate (43), blood pressure (9), and cardiac output (33) and decrease systemic vascular resistance (33) . In contrast, we found no effect of dopamine on resting, steady-state heart rate ( Table 4) . At higher doses of dopamine (3 g·kg Ϫ1 ·min Ϫ1 ) we observed a significant reduction in blood pressure (Fig. 5) , which was driven primarily by those subjects with a low baseline chemosensitivity. Throughout the dopamine infusion, subjects with a low baseline chemosensitivity also exhibited a significant fall in systemic vascular resistance and increase in cardiac output which was not observed in subjects with a high baseline chemosensitivity ( Fig.  5 and Table 4 ). Our data are thus consistent with independent effects of dopamine on the peripheral vasculature. These potential confounding cardiovascular responses to increasing doses of intravenous dopamine may limit its use, especially in subjects with low baseline chemosensitivity. For example, changes in cardiovascular variables might alter baroreflexmediated control of autonomic outflow and obscure the independent effects of reduced chemoreflex function. In this way, we speculate that a dose Ͻ1 g·kg Ϫ1 ·min Ϫ1 may be necessary in some individuals with low baseline chemosensitivity to observe a nadir in HVR independent of changes in cardiovascular variables.
Experimental considerations. There are some important limitations that should be considered when interpreting the present data. First, the dose of dopamine administration was not randomized. Therefore, the combination of increasing dopamine dose and protocol time (ϳ2.5 h) might have influenced the HVR, as well as resting cardiovascular and ventilatory variables. Importantly, our experimental approach to assessing the HVR has been shown previously to have limiting lasting effects of subsequent tests and is repeatable across time (8, 31) . Second, we studied only healthy individuals and did not include examination of a clinical population known to have elevated carotid body chemosensitivity (36) . Hence, we cannot comment on any possible dopamine-dose relationship that might exist in these patient groups. Third, subjects were split into groups of high and low baseline chemosensitivity based on their ventilatory response to acute hypoxia. It is possible that whereas subjects who have a low ventilatory response to hypoxia, tonic carotid body afferent activity may be high. In this context, a reduction of the ventilatory response to hypoxia during dopamine does not necessarily indicate that basal activity of the carotid body chemoreceptors is also reduced. The idea that dopamine infusions could alter basal activity with or without a change in sensitivity could explain the variability in some of our results (16) . Furthermore, as a result of hyperventilation achieved while breathing 100% nitrogen, some subjects experienced acute, mild hypocapnia. If isocapnia had been maintained, it is possible the HVR observed during initial saline infusion would be higher and any reduction in the HVR elicited by dopamine would potentially be greater. Along these lines, dopamine also reduces the carotid body response to carbon dioxide (45) ; thus the lack of isocapnia may have impacted differences between the low and high carotid body chemosensitivity groups. For this reason, future studies should consider including a background of mild hypercapnia during hypoxic exposures (12) . Fourth, we observed a decrease in total peripheral resistance during the dopamine infusions. This physiological change might have influenced stroke volume calculations, as our methodology requires stable impedance values for accurate measurements. Last, in contrast to a decrease in the HVR, we observed an increase in the HVR in 30% of individuals at the 3 g·kg Ϫ1 ·min Ϫ1 dose of dopamine (n ϭ 10) and 17% of individuals at the 4 g·kg Ϫ1 ·min Ϫ1 dose (n ϭ 5). In addition to cardiovascular effects, higher doses of dopamine may override D 2 -like receptor activation (which have higher affinity than D 1 receptors) and, via postsynaptic D 1 -like receptors, increase afferent activity from the carotid body. These data further support the idea that although the majority of individuals will exhibit a dopamine-mediated reduction in carotid body chemosensitivity to hypoxia, this effect may not be seen at the same dose for each individual.
CONCLUSION
Intravenous low-dose dopamine infusions are a common experimental method for examining the independent contribution of the carotid chemoreceptors to a variety of physiological responses. Surprisingly, this is the first study to systematically examine both the direct effects of dopamine on carotid body chemosensitivity and the potential confounding cardiovascular changes throughout a range of doses commonly used. We found that there is no uniform dose that is sufficient to elicit a reduction in the HVR in all individuals. However, when the dose of dopamine is individualized for each subject, peripheral chemosensitivity can be reduced by ϳ50%. Therefore, a careful selection of the dose of dopamine should be performed when comparing subjects with high and low baseline carotid body chemosensitivity. Along these lines, it appears inappropriate to compare the influence of a given intravenous dopamine infusion dose between subjects with high carotid body chemosensitivity to those with low carotid body chemosensitivity. For example, if a fall in carotid body chemosensitivity is not achieved with low-dose dopamine, it would suggest the carotid chemoreceptors remain active and thus their contribution is not adequately being examined in subsequent tests. This is especially important in light of the large systemic cardiovascular effects observed in subjects with low baseline chemosensitivity at even relatively low (1 g·kg Ϫ1 ·min Ϫ1 ) doses of intravenous dopamine. Such potential confounding, dopaminemediated changes in cardiovascular variables limit the ability to understand the independent integrative physiological effects (e.g., glucoregulation and blood pressure regulation) of carotid body desensitization. These data highlight the importance of determining an individualized dose of dopamine when designing experiments focused on the independent contribution of the carotid body chemoreceptors. ) (white bars, P Ͻ 0.01). No changes in blood pressure were observed in subjects with high baseline chemosensitivity (black bars, P ϭ 0.59). B: subjects with low baseline chemosensitivity exhibited a significant decrease in total peripheral resistance at each dose of dopamine (P Ͻ 0.01) which was not observed in subjects with high baseline chemosensitivity (P ϭ 0.51). *P Ͻ 0.05 vs. saline; †P Ͻ 0.05 vs. 1 g·kg Ϫ1 ·min
Ϫ1
. Data are presented as means Ϯ SE.
